In Mexico, residents of low income housing mainly achieve thermal comfort through mechanical ventilation and electrical air conditioning systems. Though government and private efforts have risen to meet an increasing demand for social housing, the average construction quality and thermal comfort of new housing stock has decreased over the years. Various programs and regulations have been implemented to address these concerns, including the 2011 residential building standard NOM-020-ENER-2011. This standard attempts to limit heat gains in residential buildings, in order to reduce the energy consumption required from cooling systems, and was intended to be applied throughout Mexico. NOM-020-ENER-2011, however, divides the country into just four climatic zones and only considers the energy use of cooling systems, disregarding heating costs. The recommendations of this policy are thus inadequate for the many regions in Mexico that have mild to moderate winters. This study discusses the assumptions and calculations that underlie NOM-020-ENER-2011, identifying several problems and recommending specific changes to the standard that would lead to greater comfort and lower energy use throughout Mexico.
Introduction

Building Standards
Well-applied energy efficiency standards are among the most cost-effective measures to reduce national greenhouse gas (GHG) emissions. Recent improvements in the design and implementation of building and energy codes have led to important reductions in energy use, contributing to progress towards national climate goals [1] . Indeed, all levels of government in the United States have now recognized how energy efficiency policies reduce GHG emissions [2] . Building standards diverge in their evaluation criteria, according to the nation's specific needs and economic situation. These standards provide solutions and guidelines to reduce energy consumption without compromising quality of life. Some important voluntary standards include the Passivhaus Standard [3] and the Leadership in Energy and Environmental Design (LEED) certification [4] .
In many countries, both mandatory and voluntary building standards are based on published mathematical methods. One example is the ISO 13790:2008 method by the International Organization for Standardization (now superseded by ISO 52016-1:2017), which specifies the calculations needed to code, but the lack of coordination between the national and local government is one of the weaknesses on the building's energy efficiency chain. In addition, local authorities do not have the knowledge or proper technical skills to fully understand the energy deficiencies of buildings and proper funding is needed for the implementation of the existing normativity. Also, a fraction of the funding is needed for software and technical training to be applied to support the evaluation and compliance of the local codes on the local level.
In this work, the Mexican International Energy Conservation Code (IECC-Mexico) is also mentioned, but this includes references to the building's energy efficiency standards. Nevertheless, it is also mentioned that the energy efficiency code is not mandatory in Mexico City. Compliance with the code is up to the local government, as is the case in the remaining 2457 municipalities in Mexico [14] . Alfano et al. broadly discuss the concept of Indoor Environmental Quality (IEQ), stating that to apply and trust energy and building codes uncritically will lead to inaccuracies in compliance [15] . This means that to find the optimal design for each case, there is a need to analyze each project under their particular circumstances. The utilization of the building energy codes requires a clear understanding of the underlying concepts; Evans et al. [12] note that this is why the codes are frequently misinterpreted. The authors further emphasize that this happens not only in European countries, but also in Mexico and Brazil.
Energy Use
Economic growth, an increase of population, and urbanization strongly influence the use of energy in the world. The continuous technological developments bring with them a demand for more comfortable conditions in buildings, leading to an increase in the energy demand. In nations where a rapid economic growth is experienced, a larger proportion of the population will demand higher quality dwellings and, consequently, will require more energy for their construction and operation. Furthermore, the increase of home appliance usage in houses also leads to higher energy demands. For developing countries like Mexico, electrical subsidies create an important economic burden on the National finances, as well as a peak in the electricity demand [16] .
According to the 2016 international energy perspective report by the International Energy Agency (IEA), a great fraction of upcoming increases in energy demand will occur in developing countries, where the economic growth and population expansion will lead to an increase in energy consumption. In developing countries, the projected rise of energy consumption, for the years 2012 to 2040, is estimated at up to 71%. Five countries-China, United States, India, Russia, and Japan-consumed 51.4% of the world's energy and produced 47.3% of the world's GDP during 2014. Mexico occupied 15th place, with 1.3% of the total energy consumption. On the other hand, the industrial sector consumed 29.2% of the energy, followed by other key sectors, such as transport (27.9%) and residential (22.7%). Furthermore, it is expected that energy consumption in buildings will rise 1.5% annually from 2012 to 2040 [17].
Residential Building Programs in Mexico
According to the 2011 census by INEGI (the Mexican Institute for Statistics and Geography), Mexico contains 112 million inhabitants in 28 million homes, with a mean of 3.9 persons per household. It is expected that by 2050, the number of inhabitants will increase to 122 million [18] . The national energy balance of 2016 states that houses in Mexico are responsible for 14.3% of the total energy consumption, which represents 4.0% of the national GHG emissions [17] . The energy use in a single house mainly consists of air conditioning systems, which accounts for up to 44%; meanwhile, lighting and household appliances account for 33% of the energy total [19] .
In Mexico, with the emergence of government housing institutions during the 40's and 50's, improvement strategies were implemented to fight housing shortages. These strategies mainly consisted of new housing production and financing mechanisms. Nowadays, housing programs are constantly being modified to meet the growing demand for housing, and to encourage the incorporation of sustainable elements. The implementation of sustainable housing programs has also stimulated innovation through research [20] . Nonetheless, there are still cities in Mexico where houses are designed and built with minimum consideration of the existing climate. As a result, dwellings must use heating and/or cooling systems exhaustively for many hours throughout the year to achieve minimum levels of thermal comfort.
INFONAVIT (Instituto del Fondo Nacional de la Vivienda para los Trabajadores), the Mexican federal institute for worker's housing, has about 17 million active affiliates and grants more than 70% of the mortgages in the country [21] . The institute's mission is to provide enough mortgages for its affiliates while maintaining affordable interest rates and quality housing. In Mexico, there are also federal subsidy programs for families earning less than four minimum wages (approximately 500 US USD per month, as of August 2018). If the family requires a subsidy to buy a house and the affiliate is applying for an INFONAVIT mortgage, the institute has a program to promote the construction of sustainable houses.
Two other relevant programs, the "Green Mortgage" initiative (Hipoteca Verde) and "Sisevive-Ecocasa", evaluate future water and energy consumption. More than 96% of INFONAVIT mortgages (2 million, as of 2007) are classified as "Green Mortgage" (Hipoteca Verde) [21] . INFONAVIT promotes the use of eco-technologies, granting an additional amount for the purchase of systems that save water, electricity, and natural gas. The program has had positive environmental impacts and has resulted in monetary savings for many families.
The "Sisevive-Ecocasa" platform allows designers and housing developers to evaluate their designs from an environmental and energy point of view. It evaluates architectural design, construction materials, and energy and water saving technologies. The calculation is based on achieving energy efficiency by ensuring a rational use of water and energy. The platform confers a score to the evaluated house, comparing the projected demand for water and energy against the reference demand for similar houses. The evaluation is performed using two different calculation tools: one for water and another for energy. The spreadsheet calculates a global performance index for the environmental and energy impact. The index is a number between 0 and 100, which is later converted into a "G" to "A" rating system (similar to the Passivhaus standard).
A consortium of academics was recently called to study passive systems applied to dwellings built in different climatic zones in Mexico, under project SENER 118665 of the Mexican Secretary of Energy. The consortium concluded that these passive systems are scarcely used. It was also found that the current regulations have a tendency to underestimate thermal comfort [22] [23] [24] [25] [26] . A study carried out by Lucero-Alvarez et al. [27] looked at the electricity consumption of 20 Mexican cities, calculating heating and cooling requirements and showing that the annual energy demand is directly influenced by the weather. This study also highlighted how energy policy must be based on the real cost of electrical production, which, because of government subsidies, can be significantly different from the costs visible to the consumer.
NOM-020-ENER-2011
In 2011, CONUEE (the National Commission for the Efficient Use of Energy) published the Official Mexican Standard NOM-020-ENER-2011, a mandatory federal standard governing walls and roofs of residential buildings [28] . This standard is meant to be included in the municipal codes; nevertheless, few municipalities have explicitly incorporated it into their requirements. Throughout the rest of this manuscript, NOM-020-ENER-2011 will be abbreviated as NOM-020.
The objective of NOM-020 is to limit heat gain in the envelope (walls and roof) of dwellings, with the aim of reducing energy consumption due to air conditioning (cooling) systems. It is mainly targeted at new single-family housing and multi-unit residential buildings. The NOM-020 methodology determines the efficiency of a planned building by calculating heat gain through its envelope, and rating it against a reference building. NOM-020 defines the reference building, as well as the environmental conditions in the city where the building is to be located. To comply with NOM-020, the heat gains of the planned building must be less than those obtained for the reference building.
In 2013, NOM-020 was withdrawn from federal housing subsidies and from the "Green Mortgage" guidelines [29] . New restrictions on the applicability of the standard were published in October 2016, limiting its field of application to new single-family homes and restored residential buildings in cities subject to tariffs 1C, 1D, 1E, and 1F of the federal electrical pricing scheme. These electricity rates apply when the mean summer temperatures range from 30 • C to 33 • C [30] . Additionally, a modification was made to the global heat transfer coefficient; the main argument for the adjustment was that the previously established reference value had been proven to be too strict [29] .
NOM-020 differs from international standards in a few important respects. The Federal Law on Metrology and Standardization [31] allows federal standards to establish the characteristics and specifications of products; that is, to establish the minimum or maximum quantities to be met by the standards. This is an important legal difference between Mexican and international standards. A smaller but notable issue is that, in NOM-020, the global heat transfer coefficient is designated as "K", in disagreement with the international convention to use "U". This usage originates in NOM-008-SCFI-2002 [32] , which establishes the units of measurement for federal standards and claims to be in agreement with ISO 31-4 (1978) [33] .
NOM-020 also has several conceptual, technical, and methodological flaws. The standard has been discussed by numerous academics, design and construction professionals, and also the CONUEE (National Commission for the Efficient Use of Energy), and found to have a limited ability to reduce the use of cooling systems in warm and hot climates. An additional problem is that most municipal building standards fail to require the application of NOM-020, even though this federal regulation is currently active and mandatory. Since municipalities are the entities that grant building permits, NOM-020 is generally ignored.
There are many additional non-technical issues with Mexican energy building codes, which are not investigated in this work but remain relevant to the public: The relevance of having a federal standard, such as "NOM-020-ENER-2011", would be notable when applied at least to new constructions. The correct implementation of this standard should also contribute to the reduction in the energy consumption for residential buildings and, therefore, to the consequent decrease in greenhouse gas emissions. It is imperative to highlight the importance of construction quality and energy efficiency attributes of the new residential buildings and houses in Mexico, so that families will always be concerned about the operating costs of the house (energy, water, etc.), in addition to becoming a family asset.
The above mentioned concerns are examples of non-technical issues related to the Mexican standard; however, the purpose of this work is to improve the applicability of the normativity and to ensure that the objective of reducing energy in residential buildings is met. In the following sections, this study analyzes the assumptions and calculations that underlie NOM-020. Recommendations to improve the current methodology are presented and discussed.
Methodological Analysis
In this section, the methodology in NOM-020 is reverse-engineered and compared against the ASHRAE methodology on which it is based. Section 2.1 introduces the concept of equivalent temperature (t e ) and its limitations. Sections 2.3 and 2.4 describe how t e is incorporated into NOM-020, the assumptions that underlie this usage, and the resulting economic implications for manufacturers of thermal insulation.
Heat Flux Calculation for Reference Buildings
NOM-020 is based on the TETD (Total Equivalent Temperature Differential) method published by the ASHRAE in the 1960s. This method is based on the one-dimensional heat equation for transient states, and solved by Fourier series for composite wall elements. TETD requires numerous tables of values pre-calculated for representative construction elements. This method was tedious to use and limited to the information contained in the available data tables, so ASHRAE eliminated TETD in the 1989 edition of its Fundamentals manual. Though new methods were proposed for the calculation of thermal loads, they did not have good acceptance in practice [35] . In 1991, the ASHRAE Technical Committee decided to update TETD and include it again in the Fundamentals; this time as a computational methodology that would use basic equations and not pre-calculated tabulated values. NOM-020 was based on a pre-1989 version of TETD, and thus requires tables of pre-calculated values.
For calculating the reference heat gain, NOM-020 only considers two types of heat flows that occur inside buildings: conductive heat flow through opaque elements and radiative heat flow through translucent building components. Conductive heat gains are calculated through the conduction heat gain equations (Section 7.1.2 [28] ).
Since NOM-020 seeks to limit heat gains in homes, one might expect the standard to establish a single maximum value of heat flow per unit area (heat flux W/m 2 ), and that said limit would be determined for the whole country by technical and economic considerations. NOM-020 does not Environments 2018, 5, 118 6 of 18 mention heat flux, but instead lists several Mexican cities and for each one, prescribes exact values of the global coefficient of heat transfer U (called "K" in NOM-020), of the internal building temperature T int , and of the external equivalent temperature (t e ). These parameters taken from Table 1 , from the Appendix A of the NOM-020-ENER-2011 document [28] , effectively give each city on the list its own individual heat flux requirement, calculated and shown in Figure 1 . (Table 1 [ 28] ). The calculated maximum permitted heat flux ranges from 6.36 to 11.9 W/m 2 among the capital cities mentioned in NOM-020. The standard fails to explain the justification for these different maximum values for each city. Furthermore, it is observed that NOM-020 assigns these cities one of only four different radiation levels, which is clearly a simplification, but is also not explained.
Equivalent Temperature Calculation (te)
The equivalent temperature (te), also named the Sol-Air temperature, in the ASHRAE Fundamentals Manual [37] , is an artificial temperature used to simplify the calculation of heat flux. It uses the instantaneous heat flux equation, and includes the effects of convection, solar radiation, and infrared emission. The equivalent temperature (te) is the outdoor air temperature that gives the same rate of heat entry into the surface as the combination of incident solar radiation, radiant energy exchange with the sky and the outdoor surroundings, and convective heat exchange with outdoor air [37] . Equation (1) defines heat flux for an outdoor surface exposed to the sun. Equation (2) shows how heat flux can also be calculated from the equivalent temperature (te) and the outdoor surface temperature (ts) of the envelope. The equivalent temperature (te) in Equation (3) follows from Equations (1) and (2).
where q is the heat flux, A refers to the surface area, α is the surface's solar absorptivity; Et is the total solar radiation incident on the surface (W/m 2 ); ho is the heat transfer coefficient from long-wave radiation and convection at the outer surface (W/m 2 ·K); to and ts are the outdoor air and wall surface (Table 1 [ 28] ). The calculated maximum permitted heat flux ranges from 6.36 to 11.9 W/m 2 among the capital cities mentioned in NOM-020. The standard fails to explain the justification for these different maximum values for each city. Furthermore, it is observed that NOM-020 assigns these cities one of only four different radiation levels, which is clearly a simplification, but is also not explained.
Equivalent Temperature Calculation (t e )
The equivalent temperature (t e ), also named the Sol-Air temperature, in the ASHRAE Fundamentals Manual [36] , is an artificial temperature used to simplify the calculation of heat flux. It uses the instantaneous heat flux equation, and includes the effects of convection, solar radiation, and infrared emission. The equivalent temperature (t e ) is the outdoor air temperature that gives the same rate of heat entry into the surface as the combination of incident solar radiation, radiant energy exchange with the sky and the outdoor surroundings, and convective heat exchange with outdoor air [36] . Equation (1) defines heat flux for an outdoor surface exposed to the sun. Equation (2) shows how heat flux can also be calculated from the equivalent temperature (t e ) and the outdoor surface temperature (t s ) of the envelope. The equivalent temperature (t e ) in Equation (3) follows from Equations (1) and (2) .
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where q is the heat flux, A refers to the surface area, α is the surface's solar absorptivity; E t is the total solar radiation incident on the surface (W/m 2 ); h o is the heat transfer coefficient from long-wave radiation and convection at the outer surface (W/m 2 ·K); t o and t s are the outdoor air and wall surface temperatures, respectively; and ε is the infrared emissivity of the surface. ∆R is the difference between the long wave radiation incident on the surface from the sky and surroundings, and the radiation emitted by a black body at ambient air temperature (W/m 2 ). NOM-020 expands the concept of equivalent temperature (t e ) to include the thermal resistance and convective heat flux coefficient from inside the building. This allows the use of the interior temperature, as shown in Sections 7.1.1.1 and 7.1.2.1 of the AHSRAE procedure (American Society of Heating, Refrigeration and Air-Conditioning Engineers) [36] . Also included in the procedure is the calculation of the sky temperature, which requires detailed information such as: ambient temperature, solar radiation, and absorptivity of the surface exposed to the sun. Instant sky temperature values throughout the day can be calculated to produce a representative value for Equation (2).
Equivalent Temperature in NOM-020-ENER-2011
In NOM-020, it is not clear how the equivalent temperature (t e ) is calculated for each city. Table 1 shows the assigned values of K (for each building envelope element), t int and t e , from which the allowed maximum heat flux can be calculated for cities of all the states of Mexico. Neither NOM-008 nor NOM-020 mention that they were developed following Huang's methodology. Nevertheless, Huang et al. [37] published a paper explaining the methodology used in NOM-008. NOM-020 follows the exact same methodology.
Huang et al. [37] used the DOE-2 software (Department of Energy's (DOE) Building Technologies Office, Washington, DC, USA) to calculate the cooling required for the months of April through October. The values for Solar Heat Gain, meanwhile, were taken from four cities in Mexico (Mexico City, Monterrey, Mexicali, and Mérida) and merely assigned to the others. According to Huang et al. [37] , this simplification was applied due to the absence of historical radiation information for all of the cities in Mexico. With the Solar Heat Gain values of the cities mentioned above, the equivalent temperatures for each component were calculated by dividing the Solar Heat Gain between the thermal conductivity, the area, and the hours of operation of the cooling equipment:
In Equation (4), T eq , is the equivalent temperature (t e ) in • C; T in is the set temperature of the cooling system, which for this case is considered 25 • C; Q c , is the total cooling load, which was calculated with DOE-2; K is the thermal conductance (global heat transfer coefficient, U) of the constructive system (W/m 2 K); A is the superficial area of the component in (m 2 ); and t is the cooling system working time (h). In the work by Huang et al. [37] , they derived the t e values of four selected Mexican cities, from DOE-2 simulations. They compared the results to several monthly weather temperature statistics, and found that the best correlation occurred with average monthly dry-bulb temperatures. Then, they applied the regression equations to weather data from the Mexican National Meteorological Service to produce the equivalent temperatures of the 65 major cities reported in the NOM-008 standard.
Equivalent Temperature (t e ): Theoretical vs NOM-020-ENER-2011
Equivalent (Sol-Air) temperatures and cooling loads can be calculated from the emissivity and absorptivity of a surface. In the current construction market, one can find a wide variety of coatings with various values of solar absorptivity (α). As a consequence, each material will have different cooling loads, which means that the equivalent temperatures (t e ) are different. Table 1 from NOM-020 (entitled "Values to calculate heat flow through the envelope") contains t e values for roofs, walls, and windows, at different orientations (N, E, S, and W) in all considered cities. Nevertheless, NOM-020 assumes a single solar absorptivity value for all surfaces.
In this work, the equivalent temperature (t e ) was calculated for various values of solar absorptivity, α, using the equation suggested by ASHRAE. Table 1 and Figure 2 show average monthly dry bulb temperatures (t 0 ) and solar radiation (E t ), respectively, for the cities considered in the standard (data from SMN (Servicio Meteorologico Nacional-Mexican National Meteorological Service)). The value of 13 W/m 2 K was taken from NOM-020 for the convective heat transfer coefficient (h 0 ). A value of 4 • C was used to determine the infrared cooling effect due to the emissivity of horizontal surfaces [36] . Equivalent temperatures (t e ) were calculated using different values of absorptivity, and the values were then compared with the values from NOM-020. Figure 2 shows that there is no correlation between the temperatures from Table 1 and the solar radiation values contained in NOM-020; the standard assumes that in Mexico, there are only four different levels of solar radiation. Because of this inaccurate input to heat transfer calculations, NOM-020 produces inadequate recommendations for many of the country's climates.
Figures 3 and 4 depict equivalent temperatures (both calculated and from NOM-020) for the absorptivity values of 0.6 and 0.9, respectively. It is apparent that the NOM-020 values best match the calculated values when α = 0.9. This value of α is stipulated by ASHRAE for dark surfaces. Thus, NOM-020 uses an inflated value of solar absorptivity for the calculation of reference heat fluxes, implicitly assuming that all building surfaces are dark (α = 0.9). Service)). The value of 13 W/m 2 K was taken from NOM-020 for the convective heat transfer coefficient (h0). A value of 4 °C was used to determine the infrared cooling effect due to the emissivity of horizontal surfaces [37] . Equivalent temperatures (te) were calculated using different values of absorptivity, and the values were then compared with the values from NOM-020. Figure 2 shows that there is no correlation between the temperatures from Table 1 and the solar radiation values contained in NOM-020; the standard assumes that in Mexico, there are only four different levels of solar radiation. Because of this inaccurate input to heat transfer calculations, NOM-020 produces inadequate recommendations for many of the country's climates.
Figures 3 and 4 depict equivalent temperatures (both calculated and from NOM-020) for the absorptivity values of 0.6 and 0.9, respectively. It is apparent that the NOM-020 values best match the calculated values when α = 0.9. This value of α is stipulated by ASHRAE for dark surfaces. Thus, NOM-020 uses an inflated value of solar absorptivity for the calculation of reference heat fluxes, implicitly assuming that all building surfaces are dark (α = 0.9). 
Results and Discussion
The methodology of NOM-020 implicitly assumes heat fluxes that correspond to a dark-colored building (α = 0.9). This assumption is a useful illustration of the worst-case scenario. When used in the general methodology of the federal building standard, however, this assumption forces constructors and users to use excessive amounts of thermal insulation to comply with the code. Figure 5 shows a list of traditional building materials with absorptivity (α) values from 0.14 to 0.95. On the figure are highlighted with a dotted line, from the left to the right, highly reflective materials and coatings, materials and coatings with normal reflectivity and the ASHRAE dark color convention (marked in a red board), respectively. There is a wide variety of commercially available reflective coatings whose absorptivity values are much lower than the values assumed by NOM-020; 
The methodology of NOM-020 implicitly assumes heat fluxes that correspond to a dark-colored building (α = 0.9). This assumption is a useful illustration of the worst-case scenario. When used in the general methodology of the federal building standard, however, this assumption forces constructors and users to use excessive amounts of thermal insulation to comply with the code. Figure 5 shows a list of traditional building materials with absorptivity (α) values from 0.14 to 0.95. On the figure are highlighted with a dotted line, from the left to the right, highly reflective materials and coatings, materials and coatings with normal reflectivity and the ASHRAE dark color convention (marked in a red board), respectively. There is a wide variety of commercially available reflective coatings whose absorptivity values are much lower than the values assumed by NOM-020; the code will prescribe an excessive amount of insulation for any building that uses those coatings. Building designers and users should have the opportunity to select the most practical and/or economic approach to energy efficiency, and not have to always purchase enough thermal insulation for a building covered in dark paint.
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Selection of Mean Temperature
NOM-020 provides a list of te values for all state capitals, without providing the parameters from which te was calculated. In this study, instead of using the te values provided in the standard, it is recommended that the annual mean maximum temperature value for each city is used. Thus, this study re-calculated te values from annual mean maximum temperatures (Tmax), as published by the SMN. Table 1 shows the annual and monthly mean temperatures for the state capitals, with Tmax in the last column.
Solar Absorptivity
There is a wide diversity of roof coatings which have different values for solar absorptivity. These coatings have values ranging from α = 0.14 for a new acrylic waterproof coating to α = 0.9 for a black asphalt coating. In the literature, materials and coatings used for cool roofs have a solar absorptivity of 0.45 and an emissivity of 0.8. Figure 5 compares the value used in NOM-020 (α = 0.9) to the solar absorptivity values for different types of commercial coatings.
Calculation of Equivalent Temperature Considering Solar Absorptivity
By incorporating the different values of absorptivity of the coatings, it is possible to calculate new equivalent temperatures (te). For this calculation, it is possible to use the solar radiation data from NOM-020 and the mean maximum temperatures from SMN. Figure 6a shows that the calculated values of te (ASHRAE methodology) are low when solar absorptivity is low. In some cases, the interior temperatures (Tint) are lower than those presented in NOM-020. In addition, because of the high solar reflectivity of aged acrylic cellular coatings, passive cooling results in a te lower than the outside ambient temperature. 
Selection of Mean Temperature
NOM-020 provides a list of t e values for all state capitals, without providing the parameters from which t e was calculated. In this study, instead of using the t e values provided in the standard, it is recommended that the annual mean maximum temperature value for each city is used. Thus, this study re-calculated t e values from annual mean maximum temperatures (T max ), as published by the SMN. Table 1 shows the annual and monthly mean temperatures for the state capitals, with T max in the last column.
Solar Absorptivity
Calculation of Equivalent Temperature Considering Solar Absorptivity
By incorporating the different values of absorptivity of the coatings, it is possible to calculate new equivalent temperatures (t e ). For this calculation, it is possible to use the solar radiation data from NOM-020 and the mean maximum temperatures from SMN. Figure 6a shows that the calculated values of t e (ASHRAE methodology) are low when solar absorptivity is low. In some cases, the interior temperatures (T int ) are lower than those presented in NOM-020. In addition, because of the high solar reflectivity of aged acrylic cellular coatings, passive cooling results in a t e lower than the outside ambient temperature.
For For a building exposed to sunlight, a high solar absorptivity (α = 0.9-0.95) maximizes the effect of solar radiation on the overall heat flow into the building (the first term in Equation (1)) and results in a higher t e . Figure 6b shows these high predicted t e values for three selected cities. The assumption that buildings are covered in dark paint is important, because solar radiation can affect heat flux as much as the difference between indoor and outdoor temperatures. Figure 7 shows the temperature gradients (t e − t int ) that induce heat fluxes across the building envelope. The t e predicted by NOM-020 always predicts large positive gradient values, or large heat gains to the building. The gradients obtained considering low solar absorptivity values (α = 0.2, α = 0.4) are always smaller, and in some cases, became negative. Even in sunny conditions, a negative temperature gradient will induce a heat flux towards the outside of the building, thereby reducing air conditioning operation costs. This effect has been previously measured and reported in the literature [22] . Materials and coatings with low solar absorptivity not only reduce heat gains during summer, but also produce passive cooling during sunny periods. Using NOM-020 to calculate heat fluxes indicates a need for insulation in most Mexican cities. The use of reflective and emissive coatings, on the other hand, could remove the need for such insulation by blocking heat gains and even encouraging passive cooling. 0.4) are always smaller, and in some cases, became negative. Even in sunny conditions, a negative temperature gradient will induce a heat flux towards the outside of the building, thereby reducing air conditioning operation costs. This effect has been previously measured and reported in the literature [22] . Materials and coatings with low solar absorptivity not only reduce heat gains during summer, but also produce passive cooling during sunny periods. Using NOM-020 to calculate heat fluxes indicates a need for insulation in most Mexican cities. The use of reflective and emissive coatings, on the other hand, could remove the need for such insulation by blocking heat gains and even encouraging passive cooling. 
NOM-020-ENER-2011 Thermal Resistivity
One of the objectives of NOM-020 is to ensure that the envelope heat fluxes of different buildings do not exceed the maximum values shown in Table 1 of the NOM-020 [28] . Those maximum values were determined using this equation:
where is the conductive heat gain through the building envelope (W) and refers to each of the envelope's element area j, with an i orientation (m 2 ). Values for the global heat transfer coefficient U ("K", in the standard), equivalent temperatures (te), and temperatures (t) were obtained from Table  1 of NOM-020 [28] . Using the reference heat fluxes, the building interior temperatures, the calculated equivalent temperatures, and the solar absorptivity, it is possible to recalculate the global heat transfer coefficient U ("K", in the standard) and the thermal resistance M (m 2 K/W). The thermal resistance M is mentioned as the global thermal insulation, and it is defined in the Mexican Standard as: 
where φ rci is the conductive heat gain through the building envelope (W) and A ij refers to each of the envelope's element area j, with an i orientation (m 2 ). Values for the global heat transfer coefficient U ("K", in the standard), equivalent temperatures (t e ), and temperatures (t) were obtained from Table 1 of NOM-020 [28] . Using the reference heat fluxes, the building interior temperatures, the calculated equivalent temperatures, and the solar absorptivity, it is possible to recalculate the global heat transfer coefficient U ("K", in the standard) and the thermal resistance M (m 2 K/W). The thermal resistance M is mentioned as the global thermal insulation, and it is defined in the Mexican Standard as: 
Required Thickness of Thermal Insulation
A case study was carried out to calculate the insulation thickness necessary to reach the values of global heat transfer coefficient U ("K", in the standard) required by NOM-020 (equivalent to an overall thermal resistance of 0.4083 m 2 K/W). This case study considered a typical slab roof (thermal parameters summarized in Table 2 ) insulated with expanded polystyrene, and studied the effect of coatings with different solar absorptivity, given the climatic conditions of several cities. Figures 8-10 show the results obtained for the cities of Hermosillo, Sonora, Monterrey, Nuevo Leon, and Mexico City, respectively. These cities fall within the BWh, BSh, and Cwb categories of the Köppen climate classification system, respectively corresponding to hot desert climate, hot semi-arid climate, and oceanic climate. The heat flux values required by NOM-020 for each city are achieved through thermal insulation, either by assuming high solar absorptivity as prescribed by NOM-020 (red lines) or by using constructions with variable absorptivity (blue lines). Figures 8-10 show how building coatings with low absorptivity make it possible to achieve desired heat fluxes using much lower amounts of insulation. If the builder applies white waterproofing (α = 0.42), as normally occurs in cities with warm climates, the insulation thickness needed would be 330 mm (1.13 in) and 101 mm (0.40 in) for Hermosillo and Monterrey, respectively, and Mexico City would require no insulation at all. The insulation thicknesses that NOM-020 recommends for these cities are: 517 mm (2.25 in), 457 mm (1.8 in), and 228 mm (0.90 in), respectively. 
A case study was carried out to calculate the insulation thickness necessary to reach the values of global heat transfer coefficient U ("K", in the standard) required by NOM-020 (equivalent to an overall thermal resistance of 0.4083 m 2 K/W). This case study considered a typical slab roof (thermal parameters summarized in Table 2 ) insulated with expanded polystyrene, and studied the effect of coatings with different solar absorptivity, given the climatic conditions of several cities. Figures 8-10 show the results obtained for the cities of Hermosillo, Sonora, Monterrey, Nuevo Leon, and Mexico City, respectively. These cities fall within the BWh, BSh, and Cwb categories of the Köppen climate classification system, respectively corresponding to hot desert climate, hot semi-arid climate, and oceanic climate. The heat flux values required by NOM-020 for each city are achieved through thermal insulation, either by assuming high solar absorptivity as prescribed by NOM-020 (red lines) or by using constructions with variable absorptivity (blue lines). Figures 8-10 show how building coatings with low absorptivity make it possible to achieve desired heat fluxes using much lower amounts of insulation. If the builder applies white waterproofing (α = 0.42), as normally occurs in cities with warm climates, the insulation thickness needed would be 330 mm (1.13 in) and 101 mm (0.40 in) for Hermosillo and Monterrey, respectively, and Mexico City would require no insulation at all. The insulation thicknesses that NOM-020 recommends for these cities are: 517 mm (2.25 in), 457 mm (1.8 in), and 228 mm (0.90 in), respectively. Note that the insulation requirements above are only designed to prevent heat gains and reduce the use of air conditioning systems; they do not consider that cities with a temperate climate require a different insulation thickness due to heat losses during cold seasons.
Conclusions
The present study describes various technical weaknesses in the methodology of the Mexican federal building standard NOM-020-ENER-2011 (NOM-020). The federal standard implicitly assumes a very high solar radiation absorptivity for its reference buildings, though in fact, builders and homeowners have significant control over the materials used to coat their walls and roofs. For most climate zones throughout Mexico, the most cost-effective approaches to energy-efficient buildings rely on both thermal insulation and coatings with a low solar absorptivity. By always assuming a high absorptivity, NOM-020 effectively requires buildings to achieve their energy efficiency goals mostly through thick insulation.
Variable solar absorptivity could easily be incorporated into the methodology established by NOM-020. For this purpose, the AHSRAE methodology can be adopted for the calculation of equivalent temperatures. Furthermore, the use of highly reflective coatings can be both cost-effective during construction and also contribute to reducing HVAC operating costs due to the passive cooling effect. This study aims to highlight these issues in order to improve the applicability of Mexican federal building codes, and thus help them meet their original objective of reducing energy consumption in residential buildings.
Future work on this subject could include various comparisons of NOM-020, with and without the corrections mentioned in this work, against up-to-date standards for energy use in buildings. One useful benchmark would be ASHRAE's updated TETD methodology, especially using median monthly temperature values for each city (rather than arbitrarily assigning all cities one of four solar radiation levels, as prescribed in NOM-020). A second useful benchmark would be the ISO 52016-1:2017 [39] methodology. These comparisons could be the basis for an official recommendation to the Mexican Norms Committee, so that the next revision of the federal standard could better achieve its objective of reducing energy use in residential buildings.
Though the authors are not aware of other countries that use the simplifications encountered in NOM-020-ENER-2011, the methods presented in this work could also be used to evaluate and improve other building standards for energy efficiency. 
